Recent studies have shown that the increase in creatine kinase (CK) in lumbar spinal fluid (CSF) can effectively predict the outcome of cerebral ischemia after cardiac arrest. In the present investigation maximum CSF-CK concentrations in 40 patients who died more than 3 days after successful cardiopulmonary resuscitation were related to the histologic brain damage. The level of consciousness was assessed in all patients during the time of survival. Neuronal necrosis was determined semiquantitatively according to a scoring system in sections from the frontal cortex, thalamus, hippocampus and the cerebellum. A curvilinear relationship was found between maximum CSF-CK and extent and magnitude of defined histologic brain damage. Maximum CSF-CK activity was found 48-72 hours after the anoxic episode. No cerebral damage was found when maximum CSF-CK remained below 4 U/l.
SUCCESSFUL cardiopulmonary resuscitation after transient cardiac arrest in man is limited by the susceptibility of the central nervous system (CNS) to ischemia and anoxia. Recent studies have shown that the activity of creatine kinase (CK) in lumbar spinal fluid (CSF) gives a good indication of the degree of cerebral damage and prognosis in patients resuscitated after cardiac arrest." 2 Substantial increase in CSF-CK was associated with severely depressed brain function and death of all patients, while patients with negligible rise in CSF-CK recovered without gross intellectual or sensory-motor defects.
Different regions of the brain show different sensitivity to anoxia.3 It is therefore conceivable that ischemic damage to small but functionally important areas of the brain may give only a small rise in CSF-CK. Further, variations in the speed of release of CK into the CSF and its appearance in the lumbar region might influence the reliability of the method as an indicator of brain damage. The present study was undertaken to correlate maximum levels of CK in the lumbar CSF with the degree of ischemic damage in the whole brain and in different brain regions at autopsy.
Materials and Methods
Forty patients who had survived more than 3 days after successful cardiopulmonary resuscitation after cardiac arrest were included in the study. None of them had sustained hypotension before the arrest. They were all intubated and ventilated with oxygen. Sodium bicarbonate was given for correction of metabolic acidosis during resuscitation. When indicated, lidocaine, 100 mg/min i.v., was given after a priming dose of 75-100 mg. The patients were electrocardiographically monitored in a coronary care unit and the arterial blood pressure was measured at 6-hour intervals. Cardiac decompensation was treated with digitalis and diuretics and three patients received dopamine for impending cardiogenic shock. A neurologic examination was done daily and the level of consciousness assessed according to a grading system (table 1) . Patients who had reacted to a mild painful stimulus (grade II) were considered to have been able to recover complete consciousness if they had survived.
Lumbar puncture was performed in the third or fourth lumbar interspace with the patient in the lateral recumbent position, and CSF pressure was recorded. When consent for repeated punctures was obtained, 4-5-ml serial samples were taken after 6, 24, 48 and 72 hours. The samples were collected in precooled vials refrigerated at 4°C. Immediate cooling of the sample to 4°C prevents denaturation of the CK-BB isoenzyme.' Analysis was done at 37°C on a LKB 8600 Reaction Rate Analyser within 24 hours. CK was Responding to mild painful stimulation III Minimum response to maximal painful stimulation IV No response to maximal painful stimulation assayed according to the method of Oliver4 and Rosalki.5 Activity below 2 U/l was considered normal.' All samples with CK more than 2 U/l were examined for CK isoenzymes according to the method of Somer and Konttinen.8 Samples of CSF contaminated with blood or containing MM or MB dimers were excluded.
At autopsy, the brain was fixed in formalin, sectioned and processed for light microscopy. Hematoxylin and eosin were used as routine stains. Histologic sections were examined from the frontal pole, the pyramidal layer of the hippocampus, the medial part of the midthalamus and the cerebellar cortex. The assessment of the ischemic damage in the sections was made without knowledge of the clinical history or the CSF-CK activities.
Semiquantitative evaluation of necrosis or loss of nerve cells was made separately in the four regions according to the following system: grade 0 -no damage; grade 1 necrosis or cell loss of less than 25% of the neurons; grade 2 damage of 25-50% of the neurons; and grade 3 damage of more than 50% of the neurons. In the hippocampus, only the pyramidal neurons were examined, and in the cerebellum only the Purkinje cells.
In the frontal cortex and the hippocampus, a further distinction was made between patchy necrosis and diffuse necrosis. This was done to evaluate the role of vascular factors, such as the no-reflow phenomenon postulated by Ames et al.,7 or the possible effects of focal edema. A similar subdivision was found to be impractical in the thalamic and cerebellar sections. To test the reproducibility of the grading, the material was divided into four equal groups before the examination, and each group was examined successively. After the first group was assessed, four cases unknown to the examiner were mixed into the next group and so on. In this way, four cases were graded separately four times. The four gradings from these four cases were nearly identical for all sections.
As expected, the sensitivity to ischemia in the cerebral cortex was less than in the other regions examined (table 2). Because the neurons in the hippocampus, thalamus and cerebellum were about equally affected, the gradings from these areas were averaged from each case and denoted A and graded from 0-3. Similarly, the changes in the frontal cortex were denoted B and graded from 0-3. Region B presumably reflected the damage of the whole cerebral cortex and region A the most sensitive, but quan-titatively less extensive areas. A tentative histopathologic score-list of the total brain damage was then made as follows: total score 0 -A0 BO; score I -Al BO, A2 BO, A3 BO; score II -Al Bl, A2 Bl, A3 Bl; score III -A2 B2, A3 B2; score IV A3 B3.
Results
We studied 11 female and 29 male patients. The patients are listed according to maximum CSF-CK in table 2. The mean age was 66 years (range 45-84 years). Previous findings have indicated a slightly better prognosis for cerebral function in young patients.' In the present study the mean age of the deeply comatose patients (consciousness grades 3 and 4) was 65.4 years (n = 28), whereas patients with consciousness grades 0-2 had a mean age of 67.2 years (n = 12). Thus, age did not appear to influence the outcome of transitory cardiac arrest.
In 27 patients the cardiac arrest was due to acute myocardial infarction, another five patients had chronic ischemic heart disease and one patient had aortic stenosis. In seven patients the arrest was primarily due to extracardiac causes (acute respiratory failure in five patients and profuse hemorrhage in two). Artificial ventilation was continued after the initial resuscitation period in 29 patients, and maintained for an average of 4 days (range 2 hours to 4 weeks). The time of survival ranged from 3-40 days. The cause of death was considered to be cardiac ischemia or arrhythmia in 27 patients and pulmonary embolism in three. Bronchopneumonia developed in 18 of the 40 patients, and was considered to be the cause of death in nine. One patient died from liver rupture.
The level of consciousness in all patients is given in table 2. Generally, maximum CSF-CK and level of consciousness correlated well.
Necrotic neurons can be easily identified when survival after resuscitation is more than 24 hours. Necrotic neurons have a characteristic cytoplasmic eosinophilia and a decreased nuclear size and basophilia ( fig. 1 ). After 3-4 days, perineuronal microglial proliferation indicates early phagocytosis ( fig. 2 ), and by 1-2 weeks, loss of nerve cells is evident. None of the cases had histologic evidence of delayed or progressive necrosis of nerve cells.
In the cerebral cortex, the middle layers generally were most severely damaged and the cortex around the depth of the sulci was somewhat more affected than the superficial parts. Frank tissue necrosis (infarction) was not observed in any of the cases. In the hippocampus, only the pyramidal cell layer was necrotic and the Sommer sector and the end plate were most consistently affected. In the cerebellum, only the Purkinje cells showed clear-cut necrosis. These regional variations are in general agreement with previous observations on the distribution of anoxic damage of cerebral cells.8
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As expected, damage in the pyramidal layer of the hippocampus was generally more severe than in the frontal cortex. Maximum damage could occur in the hippocampus in cases with slight or no damage in the frontal cortex (table 2). The changes in the thalamus, cerebellum and hippocampus were approximately of the same magnitude and occurred at considerably lower CSF-CK values than those in the frontal cortex (table 3) .
No ischemic damage was observed when CSF-CK activity remained below 4 U/1. If patients survived for more than 6-10 days, there was no residual neurologic dysfunction.' Damage exclusively in the thalamus, cerebellum or hippocampus was associated with a modest rise in CSF-CK, the maximum activity never exceeding 11-12 U/1. Long-term survivors in this group remained invariably with mnemonic and reading difficulties, inconsistently incoordinate movements, but never with loss of motor function.' Involvement of the frontal cortex was always associated with CSF-CK activity above 10 U/1 and persistence of depressed consciousness and motor functions. These findings correspond closely to the previous observations' that the functional outcome of the cerebral ischemia was poor when CSF-CK rose above 10 U/1, while intellectual functions remained when CSF-CK did not exceed 10 U/1. A rise in CSF-CK below 10 U/1 generally involved only a fraction of the cells in the thalamus, hippocampus and cerebellum, while at a CSF-CK activity above 10 U/1, the damage invariably encompassed the majority of the cells in these regions.
Maximum CSF-CK changes and histologic scores, demonstrated good agreement ( fig. 4) . A nearly cur- vilinear relationship exists between the levels of consciousness and CSF-CK ( fig. 4 ). The lumbar pressure, which presumably reflects the intracranial pressure, was measured in 30 patients. The pressure rose slightly in all patients, but gross cerebral edema was only registered in four cases. In eight patients with maximum CSF-CK below 10 U/l, the pressure rose to 206 ± 25 mm H2O, compared with 231 ± 20 mm H20 in 11 patients with CSF-CK above 30 U/I. This difference was significant (p < 0.05), but the groups did not differ with respect to gross cerebral edema.
Discussion
All patients in the present study had a short and definite period of anoxia, and there was no prolonged hypoxemia or hypotension before or after the cardiac arrest. Generally, a close relationship was found between enzymatic and histologic evidence of ischemic brain damage. Patients with maximum CSF-CK less than 4-5 U/l regained consciousness without neurologic sequelae or histologic damage. Enzymatic activity of 4-9 U/l was associated with neuronal damage restricted to the hippocampus, thalamus and cerebellum, while the frontal cortex was largely spared. The hippocampal areas have important functions in the memory process and even modest elevations in CSF-CK may indicate permanent functional disturbances in accordance with the clinical findings. Although restricted and important areas of the brain are more sensitive than others to anoxia, the enzymatic method apparently is sufficiently sensitive to detect damage even in those areas. Enzyme activity above 10 U/l was invariably associated with severe necrosis in the same regions and with variable damage of the frontal cortex. All these patients were in a deep stupor or comatose, confirming previous studies.' Although individual variations occurred, the extent of the ischemic injury generally paralleled the increase in CSF enzyme activity. Only one section was examined from the cerebral cortex and none from the basal ganglia. Further, the arterial boundary zones were only examined grossly. Regional variations in the distribution of the damage may therefore have occurred and not been detected by the applied procedure. Such variations could explain individual discrepancies between the CK values and the grading of damage. Accordingly, the best conformity was observed in patients with the diffuse type of ischemic damage. The cause of the delayed appearance of CK in the CSF compared with the rapid release of enzymes into the blood in myocardial infarction' is uncertain. In contrast to the delayed appearance after anoxic damage, cerebral contusion gives a rapid increase of CK in the CSF.10 The tissue architecture of the brain is largely intact after anoxia, whereas contusion gives a complete and superficial tissue necrosis. Apparently, the diffusion caused by anoxia of protein molecules through the intercellular space toward the CSF is a very slow process, whereas the exchange occurs more freely from areas of complete tissue necrosis. However, the rapid in vivo denaturation of the enzyme' makes it unlikely that this is the sole explanation for the slow increase of the CSF-CK. Alternatively, delayed appearance of CK could be due to a protracted cell death caused by unknown metabolic or vascular mechanisms. Ames has described a postischemic no-reflow phenomenon caused by small- the phenomenon was markedly blunted by flushing with serum" suggests the occurrence of platelet plugs.
The patchy distribution of the loss of nerve cells in the hippocampus and frontal cortex in almost 50% of the patients in the present study might suggest a delayed vascular factor in addition to the systemic ischemic episode. This is strongly supported by the finding that patchy necrosis was associated with more delayed and protracted CSF-CK release than was diffuse necrosis.
In the latter group, maximum CSF-CK was higher, peaked 24 hours earlier and returned more rapidly to baseline than in patients with patchy necrosis. Because blood pressure was restored similarly in both groups, the patchy necrosis is probably caused by regional cerebral ischemia persisting after successful cardiopulmonary resuscitation. To our knowledge, this is the first time that evidence for a no-reflow phenomenon has been shown in man. The present study suggests that the no-reflow phenomenon exerts its effect several hours after the general ischemic episode. However, the histologic changes did not indicate a protracted or progressive necrosis of nerve cells beyond 24 hours after the resuscitation.
This investigation confirmed our previous observation that increase of enzymes in the lumbar CSF reflects a permanent cerebral injury. Considering the high activity of CK in normal brain tissue,". 12 only small amounts are recovered in the CSF after anoxia.
It is therefore likely that only a small fraction of enzymes released from the brain reaches the lumbar space. It has been shown that it takes 2 hours for substances injected into the lateral ventricle to reach equilibrium with the CSF in the lumbar space.'3 The denaturation of CK in the CSF in vitro at 37°C is very rapid, with a fall in activity to 50% after 2 hours.' This might explain the relatively low values observed in the lumbar CSF. The brain-specific isoenzyme fraction (CK-BB) did not appear in peripheral blood, and loss of enzymes into the blood can therefore be disregarded.
There are conflicting views regarding the usefulness of enzyme studies in the CSF of patients with diseases of the CNS." [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Different methods and errors may be partly responsible for the different results. We consider the time of sampling of the lumbar fluid after an insult to the brain to be particularly important, because the maximum enzyme activity is found 48-72 hours after the incident. This is particularly important in cases with relatively low activity, because there are narrow limits between the groups with cerebral damage and those with satisfactory cerebral restitution. Hypothermia reduces the rate of denaturation of CSF-CK' and may lead to overestimation of the extent of brain damage using the limits reached in the present study. Taking due regard of these factors, the present investigation shows that the brain-specific CK-BB isoenzyme determined in the CSF is a useful index of ultimate brain damage after global cerebral ischemia, and is of potential value in clinically assessing the no-reflow phenomenon.
